Abstract: Simulations of barge-tow movement in the sub-critical range along the Illinois River near Kampsville are performed to determine the return flow (RF) characteristics for upstream and downstream bound barge-tows. Simulations are carried out using the OpenFOAM® based CFD software for six barge-tow configurations considering two-dimensional shallow water equation. The RF velocities are simulated for 0s to 100s at an interval of 10s at nine different locations, taken across the river from vessel to bank for upstream and downstream bound barge-tows. The computed RF velocities at these points between the bow and the bank are analyzed and compared with the observed field data for identical conditions. The simulated RF velocity agrees well with the computed RF velocity of Hochestein and Adams, and Maynord and Siemsen, except closer to the barge-tow. Model simulation shows that the RF profiles (lateral velocity distributions transverse to vessel movement) vary with time and the length of the vessel. To understand the associated phenomena, drawdown and squat are computed using empirical formulations given by earlier researchers. The simulated result clearly indicates the location of the zero velocity point for downstream bound barge-tows. The present study would be helpful to hydraulic engineers, planners and biologists to predict RF hydrodynamic in a restricted channel.
INTRODUCTION AND BACKGROUND
The passing of a ship in a restricted channel exerts forces on the waterway, which in turn change the ambient flow pattern and associated hydrodynamics. This results in the generation of surge waves; return flow, squatting, drawdown, sediment re-suspension and bank scouring which are absent or not too prominent in open and unrestricted channels. Depending on the channel geometry, the ship's speed and the blockage ratio, a ship navigates in one of three speed ranges, i.e., the subcritical, critical, or supercritical. The lower and upper critical speeds occur between the subcritical and critical flow regimes and critical and supercritical flow regimes respectively. This can be best described in terms of one dimensionless parameter, the Froude number. When a ship moves along a restricted waterway, it pushes water in front of its bow, generating a high-pressure zone, and at the same time a void is created behind the stern as a lowpressure zone. This causes water to flow from all directions to fill the void astern. In addition, the propellers of the ship suck a large amount of water beneath the keel and thrust the water in a direction opposite to the ship movement. All these flow conditions accelerate the water around the ship, causing an increase in the kinetic energy of the water while the potential energy drops. The velocity field produces a hydrodynamic pressure field along the length of the vessel which is similar to Bernoulli's effect where the kinetic and potential energy are balanced. The decrease in potential energy as well as pressure manifests themselves by a lowering of water level which is known as drawdown. As the velocity of water under the keel speeds up, there is a drop in pressure. Due to the decrease in pressure beneath the keel, a vertical force in the downward direction is exerted on the ship and as a result, the ship drops vertically down in the water. As a result of uneven pressure distribution throughout the hull of the ship, a moment about the transverse axis of the ship is generated, and the ship trims forward or aft. The overall decrease in the under-keel clearance forward or aft is called the ship squat. This squatting effect gives an impression that the ship moves with less freeboard. The ship may even strike the channel bed when the keel clearance is not enough. The water flowing around the wetted surface of the hull from bow to stern is known as return flow (RF) or backflow. The longitudinal velocity of the RF across the channel is not uniform; rather it varies in the space between the vessel and the bank. The strength of the RF velocity depends on the channel geometry, the ambient flow, the ship speed, the blockage factor and the ship's proximity to the bank. The irregular topography of the channel complicates the behavior by means of reflection, amplification and occasional resonance for a general river system. Figs. (1a-c) show the schematic diagram of (a) vessel at rest in still water (b) drawdown and squat for moving vessel and (c) flow under keel.
The return flow, drawdown and squatting are interrelated entities and a manifestation of the energy caused by the movements of the displaced water mass due to ship maneuvering in restricted waterways; these have been studied widely for various channel geometry and ship sizes. In subcritical speed ranges, steady flow prevails and the behaviour of a ship as it moves along a channel has been analyzed by Kreitner [1] by using Bernoulli's theorem and the continuity principle. Schijf [2] , Tothill [3] and McNown [4] have studied the prediction of water-level depression and average RF on the basis of Bernoulli's equation and the equation of continuity. The flow becomes unsteady in the critical speed range and it has been studied by Constantine [5, 6] , based on surge wave theory and the theory of characteristics. Constantine [5, 6] also discussed several hydrodynamic aspects induced by ship movements in subcritical and supercritical speed ranges. Balanin and Bykov [7] have presented an approximation for the water-level depression and return velocity. Sharp and Fenton [8] , and Bouwmeester [9] developed a method for the calculation of the water-level depression and the RF in channels considering the conservation of mass and momentum. Bouwmeester [9] considered a trapezoidal channel and accounted for the water-level rise in front of the bow whereas Sharp and Fenton [8] considered a rectangular channel but neglected the effect of water-level rise in front of the bow. Schofield [10] examined the resistance and behaviour of ship navigation in restricted channels. His experimental work confirms that a self-propelled ship attains its apparent maximum speed in a restricted channel, irrespective of power and the speed. Further, resistance characteristics which are nonlinear in the critical speed range leads to the dissipation of excess energy by bank erosion. An excellent review and a comparison of the various methods presented by previous researchers are given by Blaauw and van der Knaap [11] . Existing methods for the determination of RF are based on the analytical treatment using either the conservation of energy or momentum and some empiricism. These analytical treatments are primarily based on the following conditions; uniform trapezoidal or rectangular channel cross-section, uniform ambient velocity and return velocity, and uniform water-level depression, and they neglect frictional losses. Bhowmik et al. [12] reviewed the work of Schijf and Jansen [13] , Bouwmeaster [9] , Blaauw and Knapp [11] , and Hochstein and Adams [14] for the computation of average return velocity based on the concepts of conservation of mass, momentum or energy in connection with the movement of barge traffic in a narrow channel. Variations of RF between the barge and the bank have been studied by Simons et al. [15] , Berger et al. [16] , Hochstein and Adams [14] , and Maynord and Siemsen [17] . Stockstill and Berger [18] described the waterway response to barge generated currents and waves with the aid of numerical modelling where a moving pressure field is represented by the vessel's displacement. Field data collected at four sites along the Illinois River, viz., Kampsville, Apple River Island, Goose Island and Clarks Ferry (Bhowmik et al.) [19, 20] are analyzed and the return velocity distribution have been examined by Mazumder et al. [21] using an empirical model.
In the present paper, predictions of drawdown, squat and return velocity have been carried out for barge-tow movements in Illinois River at Kampsville site. Apart from computations based on the three previously developed formulas, two-dimensional simulations of RF on a water-plane for barge-tow movements have been carried out using the computational fluid dynamics (CFD) based OpenFOAM software [22] , for the case when the vessel navigates along the centre line of a uniform rectangular channel with no-slip boundary condition. Simulations of six barge-tow movements at the Kampsville site on the Illinois River are carried out to examine the return flow profile characteristics in the sub-critical range. This paper examines draw down, squatting, velocity and pressure fields around the moving bargetow at different time instants.
REVIEW OF FIELD DATA AND EMPIRICAL FORMULATIONS
A significant amount of field data pertaining to bargetow movements at different sites on the Illinois River and Mississippi River was collected and these are reported by Mazumder et al. [23, 24] and Bhowmik et al. [12, 19, 20] . In the present study, the field data reported by Mazumder et al. [21] for the Illinois River near Kampsville site are taken for simulation purpose. A total of six events are considered in the present study, viz., three upstream bound barge-tows, i.e., Sugarland, Conti Karla and Nicholas Duncan; and three down stream bound barge-tows, viz., W. C. Norman, Rambler and Ardyce Randal. The wetted cross-sectional area, surface width, average depth and ambient velocity of the Table 1 , are based on Mazumder et al. [21] . A schematic diagram of Sugarland barge-tow is shown in Fig. (2) . The detailed procedure of data collection can be obtained from Mazumder et al. [23, 24] and Bhowmik et al. [12, 19, 20] . In the following sub-sections, we revisit earlier formulations on drawdown, squatting and RF velocity.
Drawdown
Generally, the drop in water level or drawdown ( D d ) is more around the vessel and it decreases with the increase in distance from the vessel to bank (Gelencser) [25] . The channel constriction (both in depth and width) increases the drawdown. When a vessel moves close to one of the banks, the drawdown will be higher in the region between the vessel and the bank than for the case when it sails along the central line of the channel (Bouwmeester et al.) [9] . Schijf and Jansen [13] developed a method to predict the drawdown from one-dimensional energy and continuity equations. Hochstein and Adams [14] derived the following maximum drawdown formula from Bernoulli's equation:
, where ! is an empirical constant,
where n is the blockage ratio and g is the acceleration due to gravity. A C , A S , W C and V S are the cross-sectional area of the channel, area of the submerged portion of the vessel, surface width of the channel and vessel speed with respect to ambient flow, respectively. Schijf and Jansen [13] developed a method to predict the drawdown from one-dimensional energy and continuity principles. Gelencser [25] presented an equation for drawdown from prototype and model results. In his formulation the dimension of the vessel, its speed and distance from bank, and channel geometry are considered.
The expression for drawdown is given as:
. .
2.8
( 2) where y is the distance from sailing line and L is the length of the vessel. Dand and White [26] have given the following formulation of drawdown based on scaled ship model experiments
The average drawdown across the channel for the 6 events of barge-tow at Kampsville is computed considering the formulations proposed by Hochstein and Adams [14] and by Dand and White [26] ; whereas the drawdown at the points y = 5 m and 10 m from barge are computed using the Gelencser [25] formulation. Near the barge, the drawdown becomes maximum and it decreases away from barge, i.e. towards the bank. The average drawdowns are also computed and are given in Table 2 . It is found that the order of the drawdown is almost same for each case except at y = 5 m.
Squatting
The prediction of squat depends on ship draft, blockcoefficient, speed, channel depth, cross-sectional area, ambient flow of the river, etc. Squat increases with speed of the vessel for a given water depth and bank proximity. The ship may even strike the channel bed if the speed is increased further. This has been studied by Lap [27] where he considered the work of Krietner [1] . Empirical formulae for bow and stern squats have been proposed by several researchers including Hooft [28] , Huuska [29] , Barrass [30] , Eryuzlu and Hausser [31] , Norrbin [32] , Romisch [33] , Millward [34] and Eryuzlu et al. [35] based on physical model tests and field measurements for different channels, ships and loading characteristics. Barras [30] has given the following squat (S q ) formulation as a function of block coefficient (C B ) and speed of the vessel in knots (V k ) and it has been validated with full scale measurements.
Huuska [29] extended the work of Hooft [28] and introduced a correction factor s K for bow squatting ( bH S ) in restricted channels, as follows: 
where 1 s is the blockage factor defined as
where 1 K correction factor suggested by Huuska [29] . This squatting formulation is applicable for F nh less than 0.7. The Overseas Coastal Area Development Institute (OCADI) [36] proposed a new formula for bow squat S bo as
Eryuzlu et al. [35] proposed a bow squatting (S bf ) formula based on physical model tests and field measurements as
where h is the water depth of the channel, T is the draft of the vessel and B is the beam of the vessel. b K is a correction factor for channel width and is given as
It is found that the computed squat for the barge-tow movements using Huuska [29] and OCADI [36] formulations produce almost similar results. The Barrass [30] and Eryuzlu et al. [35] formulations also give similar results but with lower values than that of the Huuska and OCADI formulas. All computed squatting values with their average are given in Table 3 .
Lateral Distribution of RF Velocity
The first critical velocity (V cr ) for the upstream bound barge-tows Sugarland, Conti Karla and Nicholas Duncan, and downstream bound barge-tows W. C. Norman, Rambler and Ardyce Randal are computed using the formula presented by Hochstein and Adams [14] :
where K = constrainment factor and is a function of blocking ratio n = A c / A s and the ratio L / B. The average backwater flow velocity rs V is calculated using the approach developed by Hochstein [37] 
where a = n n ! 1
and B F = 0.3e
where V s / V cr ! 0.65 ; or B F = 1.0 when 0.65 < V s / V cr ! 1.0 . Hochstein and Adams [14] proposed the following empirical formulation to represent lateral flow velocity
where V rH (y) is the return flow velocity at a distance y from vessel centerline;
where
and B side = distance from vessel centerline to bank.
Using the formulations of Maynord and Siemen [17] , the average return velocity for each side of the vessel V rs can be computed as
is A c / (2 A side ) and A side is the cross-sectional area from the vessel centre line to bank. The ratio ! of maximum return 
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The velocity distribution from vessel to bank
where c = 1.2(! -1); B is the beam width of the vessel and B side is the distance from vessel to bank. The return velocity proposed by Hochestein and Adams [14] is a decreasing function as y increases, that proposed by Maynord and Siemsen [17] is an increasing function.
OPENFOAM BASED SIMULATION
In the present study, the CFD -based open source code "OpenFOAM®" has been used to simulate various flow conditions. OpenFOAM [22] is an open source software tool based on the control volume concept and its available features are comparable to the major commercial CFD codes. It is a collection of several CFD solvers, which utilize object oriented C++ libraries. OpenFOAM uses command line utilities for pre-processing and post-processing. The C++ class library makes it possible to implement complicated mathematical and physical models as high-level mathematical expressions. This is facilitated by making the high levels of code resemble standard vector and tensor notation as closely as possible.
Governing Equations
The equations considered for simulation are the following equation of continuity and the Navier-Stokes (N-S) equation for incompressible flow
From equation (19) and (20) governing equations for mean flow field, kinetic energy and dissipation of that energy are obtained [22] . Turbulence is modeled using standard k-! model to calculate kinetic energy and dissipation of that energy at each cell. PISO (Pressure Implicit Splitting of Operators) scheme is used to calculate the fluid velocities, pressures in each cell. OpenFOAM utilizes conjugategradient method, with incomplete Cholesky preconditioning (ICCG) to solve symmetric matrices and the Bi-CGSTAB method for asymmetric matrices. The time step is adjusted dynamically and the results are obtained from the inbuilt solver. The solver forms an executable code which accesses case files. The details of programming technique and implementation for complex physical model can be obtained from the work of Jasak et al. [38] . The model utilizes the set of governing equation in time domain in two-dimensional water plane considering the dimension of the barge-tow, channel geometry and flow conditions.
Meshing and Boundary Condition
A structured hexahedral, multi-block grids are generated for this geometry. To validate the model results, grid independency tests are carried out for four locations (P1, P2, P3 and P4) with hexahedral cells varying form 372500 to 572500 for the Sugerland barge-tow near Kampsville with barge velocity 1.88m/s. This has been shown in Table 4 . Six cases are solved for three upstream and three downstream conditions. It can be noticed that the RF velocity differs only at third decimal places. However, while simulating for various conditions; the total number of hexahedral cells are taken as 572500. The initial conditions have been considered as 0.58 m/s for all the cases. The inlet condition is specified in terms Dirichlet condition for velocity, kinetic energy, dissipation rate with pressure outlet condition. The inlet velocity is taken as per various cases are considered. At the side boundary, no-slip conditions are applied for the velocity field and zero gradient conditions are applied for other variables. Grid independency tests are carried out for RF velocity with respect to Sugarland barge-tow for the upstream case. Barge velocity is set to 1.88m/s. Simulations are carried out for 0s to 100s at 10s intervals. The corresponding flow Reynolds number (Re) and Froude number (Fr) become 7.52x10 6 and 0.41 respectively. The mesh is generated by using OpenFOAM and block meshDict file has been used. The distribution of mesh is uniform throughout the domain and structural mesh (hexahedral type) has been created. Here, incompressible flow solver is used (pimpleDyMFoam). pimpleDyMFoam is basically a transient flow solver for incompressible flow on a moving mesh using the PIMPLE (merged PISO-SIMPLE) algorithm. The time step is computed implicitly which is of the order of O (10 -2 ). The open source visualization software Paraview is used to visualize the results. 
RESULTS AND DISCUSSION
Prior to the simulation, critical velocities and Froude numbers for all barge-tows are computed, and these are shown in Table 5 . It can be noticed that all barge-tow movements are in the sub-critical range. For the determination of the first critical velocity, the formulation provided by Hochestein and Adams [14] is considered. We consider the centre line of the channel as a sailing line with extended Kampsville cross section. The simulated RF velocity is denoted as VoF(y). The computed RF velocities from the formulations of Hochestein and Adams [14] and Maynord and Siemsen [17] (Fig. 3a) . (Figs. 4a-c) , it is noticed that (a) V rH (y) > V rM (y) for y < 0.3 for the Norman (b) V rH (y) > V rM (y) for y < 0.25 for the Rambler and (c) V rH (y) > V rM (y) for y < 0.28 for the Randal. Since the return flow is negative for all downstream bound barge-tows, modulus is used to indicate magnitude of return flow.
We define dimensionless distance (B side = y/0.5*W s ) to indicate the distance between the barge and the bank where B side = 0 indicates the barge surface and B side = 1 indicates the bank. Figs. (5a) and (b) show velocity vector and velocity contour plots for the Sugarland after 20s. As the bargetow moves along the centerline of the channel, flow field is found to be evenly distributed. Figs. (6a) and (b) show the corresponding velocity vector and velocity contour plots for the Sugarland after 90s. For a moving vessel, the RF profile generated near the bow at the initial time changes with the elapse of time and consequently the hydrodynamic characteristics also change. Although simulations are carried out for all upstream and downstream cases (six events), we report here velocity field only for 20s and 90s for the Sugarland barge-tow. It is evident from Fig. (5a) that the onset of return flow takes place after the elapse of 20 sec and continues up to 90 sec as shown in Fig. (6a) . The bow wave's generation, the flow of water mass adjacent to the barge-tow along the length and wake flow are also prominent from the Fig. (6a) . This flow of water particles relative to the barge-tow is about 2.7 m/s according to the Fig. (6b) which matching from the computed values. For 90s case, the wake flow is stronger (2.7 m/s) than the 20s case (1.0m/s) and are shown in Figs. (5b) and (6b). During the entire period of simulation (100s) the Sugarland moves 188m and the W.C. Norman moves 290m in the forward direction. Fig. (7a) shows RF profiles across the channel for nine locations along the transverse direction for 10s to 50s with an interval of 10s for the Sugarland barge-tow. With the elapse of time, the RF profiles attenuate near the barge-tow but increase along the transverse direction indicating the passing effect. It is interesting to note that the nature of RF profile remains similar in nature after 100s, corresponding to the 10s case (Fig. 7b) . However, the RF profile remains lower near the barge and almost becomes linear and higher towards the bank. Fig. (8a) shows RF profiles for downstream condition (W.C .Norman) for similar time intervals and these velocities are found to be negative in contrast to the upstream cases (Fig. 7a) . With the further increase of time, i.e., after 60s, the RF profiles shift from positive to negative scale Fig. (8b) and one can obtain the zero velocity point after which flow reversal takes place. The RF velocity profile for 100s remains negative throughout and never arrives at the zero velocity point. Mazumder et al. [21] discussed the location of the zero velocity point and its locus under hypothetical conditions. The simulated RF velocity ( ( ) [14] for both the upstream and downstream cases but with higher magnitudes. 
CONCLUSIONS
In this paper, the OpenFOAM model has been used to simulate flow fields for upstream and downstream bound barge-tows for different time instants. The simulated return velocities are analyzed and compared with the observed data near Kampsville on the Illinois River. The barge-tow induced drawdown and squatting are also computed using empirical formulations of various researchers. Overall, the simulated data agree well with the observed return flow data. The simulated result not only describes the magnitude and the complex nature of the return flow patterns but also the location of zero velocity with time. The analysis of computed and simulated data indicates that lower critical speed may be used as speed limits to avert damage of the vessel and the structures at bank, and bank erosion. The present modeling approach can be applied for any restricted waterways. Using this approach, the flow field and return flow patterns for passing barge-tows along a two-lane navigation channel can be simulated, which are usually difficult to measure in the field or in a physical model. 
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